Abstract The populations of Phytophthora infestans (Pi) in southern Brazil in 2004 and 2005 are characterized herein. The isolates were collected from potato and tomato plants in the states of Paraná (PR), Santa Catarina (SC), and Rio Grande do Sul (RS). The mating type of 131 potato and 32 tomato isolates was determined. Forty-nine isolates from potatoes and 11 from tomatoes were analyzed for their Gpi phenotype. A subset of 35 isolates was evaluated for mitochondrial (mtDNA) polymorphisms. A sample of 146 isolates was tested for sensitivity to the fungicide metalaxyl, and most isolates (64%) were moderately sensitive. Fiftynine isolates were classified as A1 mating type and 103 as A2. One isolate behaved as both A1 and A2 mating type. All tomato isolates were A1 mating type and presented the 86/100 pattern for the enzyme GPI and mtDNA Ib, indicating that these isolates belong to the US-1 clonal lineage. Of the 131 potato isolates, 103 were A2, 27 were A1 and one was A1/A2 mating type. Among the potato isolates 27 exhibited the Gpi phenotype 100/100, the same as BR-1, and 20 were 86/100, the same as US-1. Potato isolates presented the mitochondrial haplotypes Ia (74%) and IIa (26%). The data suggest the presence of only the BR-1 clonal lineage on potatoes in the states of PR and SC. However, in the state of RS, more than one clonal lineage was observed infecting potatoes, and there may be sexual reproduction between the lineages.
Introduction
The potato (Solanum tuberosum L.) and tomato (S. lycopersicum L.) are the two most cultivated and consumed vegetables in Brazil. Because they are closely related species, several pathogens attack both of these crops. Among these pathogens, Phytophthora infestans (Mont.) De Bary, the causal agent of late blight, is one of the most important. This disease is widely known to be a limiting factor for the production of tomatoes and potatoes in Brazil (Mizubuti 2001) . Under conditions of high humidity and mild temperatures, P. infestans can completely devastate a field of crops (Jones et al. 1991; Stevenson et al. 2001) .
The species P. infestans is heterothallic, and until the early 1980s, isolates of mating type A2 were found only in Mexico (Gallegly & Galindo 1958) . Thus, in all studies conducted until the beginning of the 1980s, only strains of group A1, characterized as the US-1 clonal lineage, were found on cultures of potatoes and tomatoes (Goodwin et al. 1994) . After the detection of A2 isolates, initially in Switzerland in 1984 (Hohl & Iselin 1984) , new surveys were conducted, and the presence of the A2 group was observed in several countries in Europe and the Americas (Fry et al. 1992; Fry & Goodwin 1997; Goodwin et al. 1994) . The presence of both mating types in a particular country may enable individuals to meet and mate in the field. Sexual reproduction between isolates of P. infestans can lead to the development of new, more diverse populations of pathogens that, consequently, have the potential to cause greater damage to crops of potatoes and tomatoes (Fry & Goodwin 1997; Goodwin 1997; Ristaino 2002) .
In previous studies performed in Brazil, isolates of both mating types of P. infestans (A1 and A2) were found (S.H. Brommonschenkel, 1988 , MSc thesis, Univ. Federal de Vicosa, Brazil; Reis et al. 2003 Reis et al. , 2006 . Only strains of group A1, classified as the US-1 clonal lineage, were found associated with tomato crops. Most isolates collected on potato fields were of the A2 mating type and were classified as the BR-1 clonal lineage (Goodwin et al. 1994; Reis et al. 2003) . A clonal lineage is composed of isolates descending from one single genotype by asexual reproduction. Identification of one clonal lineage is based on markers, including DNA fingerprinting, mating type, isozymes, resistance to metalaxyl, and mitochondrial DNA patterns (Fry et al. 1992; Goodwin et al. 1994) .
It has been observed that, in Brazil, there is not the constant association of a clonal lineage with resistance to the fungicides metalaxyl or mefenoxan (Reis et al. 2003 (Reis et al. , 2005 (Reis et al. , 2006 . In a study of 258 isolates collected in the southern and southeastern regions of Brazil, isolates of both clonal lineages were found that were resistant, intermediate and sensitive. Therefore, it was not possible to differentiate the clonal lineage US-1 from BR-1 based on metalaxyl resistance (Reis et al. 2005) . A specialization of the two clonal lineages to their plant host was also observed. The clonal lineage US-1 was highly aggressive to tomato and less aggressive to potato, whereas the clonal lineage BR-1 was highly aggressive to potato and slightly aggressive to tomato (Suassuna et al. 2004) .
Despite the existence of earlier works characterizing P. infestans isolates in Brazil, there is a need for constant monitoring of the pathogen population. Knowledge of the genetic structure and the sensitivity to fungicides of the current P. infestans population is essential for planning the management of late blight for potatoes and tomatoes. Thus, the aim of the present study was to determine the mating type, the polymorphism of the Gpi allozyme, the mitochondrial DNA haplotypes and the sensitivity to the fungicide metalaxyl of P. infestans isolates from southern Brazil, in order to test the hypothesis that the population of this pathogen in the southern region of Brazil is still clonal.
Materials and methods

Collection of Phytophthora infestans isolates In 2004
and 2005, we collected potato plants with symptoms of late blight from fields in 28 municipalities of the Rio Grande do Sul (RS), Santa Catarina (SC) and Paraná (PR) states (Fig. 1) . Most of the collection points were georeferenced by GPS (Table 1) . In addition, samples of tomato plants with late blight symptoms were collected in SC state. One to seven isolates were sampled from producing fields, most often one or two, and one to five potato fields and one to eight tomato fields were visited in each municipality during each year. A total of 66 potato fields and 11 tomato fields were sampled in the two years. From samples of the leaves, stems and tubers of potato and tomato plants infected with P. infestans, monosporic (one Fig. 1 Sampled areas and distribution of mating type A1 (black areas), A2 (striped areas) and of both A1 and A2 (dotted areas) of Phytophthora infestans in the three states of the southern region of Brazil sporangium) isolation of the pathogen in culture was performed (Forbes et al. 1997) .
Mating type determination All isolates were paired with known A1 (US-1) and A2 (BR-1) tester isolates on 10% clarified V8 juice agar. Mycelial plugs (12 mm diameter) of a known A1 or A2 isolate were placed on opposite sides of the strip of the unknown isolate. A strip (5-6 mm width x 40-50 mm length) of culture medium containing mycelial growth of a 7-10-day-old isolate was centered in the plate (90 mm diameter) between the two discs. The plates were transferred into an incubator at 18°C. After incubation for 3-4 weeks in the dark, the plates were checked microscopically for the presence of oospores where the mycelia of the known and unknown isolates intermingled. Isolates that produced oospores when paired with the A1 tester isolate but did not produce oospores with the A2 isolate were designated A2.
Isolates that formed oospores when paired with the A2 tester but did not form oospores when paired with the A1 isolate were designated A1. Additionally, to confirm the mating type, 15 isolates from the different regions were analyzed by PCR using the primers S1A and S1B. These primers amplify a fragment of DNA of approximately 1,250 bp corresponding to locus S1, which is linked to the A1-determining allele of the mating type locus (Judelson 1996) . The reaction was performed as described by Judelson (1996) . As controls, DNA from A1 (US-1) and A2 (BR-1) mating type isolates (positive control) and water (negative control) were used.
Gpi pattern The Gpi genotypes of 60 isolates were determined by 6% bis-acrylamide gel electrophoresis. Mycelia for allozyme analysis were obtained from cultures grown in 50 ml of pea broth for 10 days. The fungal mycelia were macerated in enzyme buffer. Pieces of filter paper (1 x 5 mm) were moistened in the macerated mycelia and applied to the gel. The migration conditions were 120 V for 3 h with a distance of 12 cm between the electrodes. To stain the gel, 50 ml of 0.1 M Tris, 0.5 ml of 1 M MgCl 2 6H 2 O, 40 mg of fructose 6-phosphate, 10 mg of NADP +, 10 mg of MTT, 2 mg of PMS and 20 units of glucose 6-phosphate isomerase were used. The visualization of the bands was performed after the gel was incubated at 37°C for 1 h. The relative mobility of the polymorphic bands was calculated as the ratio between the migration of the alleles of each enzyme individually and the migration of the most frequent allele, which was assigned a value of 100 (Forbes et al. 1998) . As a control, one US-1 isolate that was collected in Brasilia-DF and that had a 86/100 Gpi pattern, was used.
Mitochondrial haplotypes Based on the mating type and Gpi data, a subset of 35 isolates was chosen for the mitochondrial DNA analysis. Polymorphism of the mitochondrial DNA was accessed by analyzing for the haplotypes established by Carter et al. (1990) . DNA extraction and the determination of the four known mitochondrial haplotypes of P. infestans were performed according to Griffith & Shaw (1998) . The mitochondrial haplotypes of the tested strains were determined by comparing their patterns to the reference isolates US-1 (Ib) and BR-1 (IIa).
Metalaxyl sensitivity A sample of 146 isolates was characterized for sensitivity to the fungicide metalaxyl on rye-B agar media as described elsewhere (Deahl et al. 1993; Therrien et al. 1993) . A 10-mm-diam mycelial plug from a 9-day-old colony was placed in the center of a petri dish containing rye-B supplemented with 5 or 100 ppm metalaxyl (Apron 350, Syngenta Co., Greensboro, NC, USA). Control plates contained rye-B medium with no metalaxyl (0 ppm). Three replicates of each metalaxyl concentration for each isolate were used. The plates were maintained at 16°± 1°C in the dark. The colony diameter was measured after 14 days, when the diameter of the colony grown at 0 ppm concentration was at least 30 mm. The diameter of the colony was corrected for the diameter of the initial mycelial plug. The mean colony diameters of both plates at 5 and 100 ppm of metalaxyl were divided by the mean colony diameter of the control plates to determine the relative growth. Isolates that grew to a size that was less than 40% of the size of the control on 5 and 100 ppm metalaxyl plates were recorded as sensitive. Isolates that grew to a size of more than 40% of the size of the control on 5 ppm metalaxyl medium and less than 40% of the size of the control on 100 ppm metalaxyl medium were recorded as intermediately resistant. Isolates that grew to a size of more than 40% of the size of the control on both 5 and 100 ppm metalaxyl medium were recorded as resistant (Therrien et al. 1993) .
Results
In the main potato and tomato producing areas of the three southern Brazilian states, 162 isolates of P. infestans were collected: 36 potato isolates in PR, 15 in SC, and 80 in RS, and 31 tomato isolates in SC (Table 1 ). All potato isolates of P. infestans collected in PR and SC belonged to the A2 mating type. It was also observed that all tomato isolates from SC belonged to the A1 mating type. However, in RS, we found isolates behaving as A1 (33.75%), A2 (65%) and as both A1/A2 (1.25%) mating types infecting potatoes ( (Table 1) . The PCR analysis of selected isolates from the three states revealed the presence of a 1.35 kb band in the A1 isolates, and the absence of this band in A2 isolates.
Two phenotypes were detected for the enzyme Gpi among P. infestans isolates in southern Brazil (Table 2) . Isolates from tomato plants showed a single phenotype for Gpi, 86/100, which is the same as the US-1 clonal lineage (Goodwin et al. 1994) . Isolates from potato plants collected in the states of PR and SC exhibited only the phenotype 100/100, which is the same Gpi as the BR-1 clonal lineage. However, in the state of RS, there were two Gpi phenotypes in isolates from potato plants, of which 20 (54%) were 86/100 and 17 (46%) were 100/100. Furthermore, there were A1 and A2 isolates within both the 100/100 and 86/100 Gpi phenotypes (Table 2) , suggesting the presence of more than one clonal lineage among the isolates from potato plants in RS or even the occurrence of a sexually reproducing population.
Three mitochondrial haplotypes were found in P. infestans populations from southern Brazil. On tomato plants, we found only haplotype Ib. On potato crops in the states of PR and SC, we observed only the mitochondrial haplotype IIa. However, in Rio Grande do Sul state there were two mitochondrial haplotypes in isolates of P. infestans from potato plants. The mitochondrial haplotype IIa, which had been detected previously in Brazil and the Ia haplotype, which had not yet been reported in Brazil, were found. Among the isolates from potato plants in RS, there were some combinations of these mitochondrial haplotypes with two patterns of GPi phenotypes and the two mating types, such as A1 x 100/100 x Ia, A2 x 100/100 x Ia and IIa, and A2 x 86/100 x Ia and IIa. Taking into account the three markers -mating type, Gpi phenotype and the mitochondrial haplotypes -at least eight multilocus genotypes were detected in this study in the P. infestans populations in southern Brazil (Table 3) .
Most P. infestans isolates were sensitive to metalaxyl (90 = 61.6%), a smaller group of isolates was intermediately resistant (53 = 36.3%), and only three isolates (2.1%) were resistant. Just one potato isolate was resistant (0.8%), whereas 42 (34.2%) were intermediate, and 80 (65.0%) were sensitive. Of the tomato plants, two (8.7%) isolates were resistant, 11 were intermediate (47.8%), and 10 (43.5%) were sensitive.
Discussion
This work is part of a continuing effort by EMBRAPA Plant Pathologists to monitor and understand the population structure of P. infestans on potato and tomato plants in Brazil. The knowledge of pathogen population structure and dynamics is useful in determining the most appropriate integrated management strategies for the control of potato and tomato late blight. Of particular interest is testing for sexual reproduction and its implications for pathogen virulence/aggressiveness and resistance to fungicides. Our hypothesis that the southern Brazil population of P. infestans is still clonal is true for the pathogen population on tomatoes and the ones on potatoes in the states of PR and SC. However, analyzing the multilocus genotypes detected among the isolates from potato in RS, there is evidence of a mating population of P. infestans attacking potatoes in this state.
The mating types A1 and A2 of P. infestans found on tomato and potato, respectively, in the states of SC and PR, suggest that the pathogen populations in these Brazilian states remain clonal, as observed previously (S.H. Brommonschenkel 1988, thesis; Reis et al. 2003) . However, in RS, the presence of both A1 and A2 isolates leads us to hypothesize the occurrence of sexual reproduction of P. infestans on potatoes in this state. If that is so, this can be a concern for potato growers because the occurrence of sexual reproduction in P. infestans can lead to the development of new, more diverse populations of the pathogen that may exhibit increased resistance to fungicides and/or be more virulent or aggressive. This pathogen population, consequently, may have the potential to cause greater damage to host crops (Fry & Goodwin 1997; Gavino et al. 2000; Goodwin 1997 ). Furthermore, resistant spores (oospores) can survive for long periods in the soil and serve as an additional source of inoculum, allowing outbreaks of late blight to occur earlier in the season. The PCR analysis of selected isolates from the Judelson (1996) . The phenotypes for Gpi found in P. infestans isolates in PR and SC reinforce the hypothesis of the presence of only two clonal lineages of the pathogen in these states and they are host specific. Tomato isolates from SC are 86/100, which is the same Gpi of the clonal lineage US-1, whereas the potato isolates from PR and SC are 100/100, which is the same Gpi of the BR-1 clonal lineage. This corroborates the findings of Reis et al. (2003) . However, in the state of RS, the presence of both mating types, two Gpi phenotypes and the combinations between them in isolates from potato plants is additional evidence of the occurrence of more than one clonal lineage among the isolates from potato plants in RS or even the occurrence of a sexually reproducing population of the pathogen. The mitochondrial haplotype Ib, found on tomato in SC, is the same already reported in previous studies (Reis et al. 2003) . This finding, along with the mating type and GPi results, confirms that the pathogen population on tomato plants in southern Brazil remains highly uniform and consists only of the old clonal lineage US-1, which is widely distributed in many countries of the world (Fry et al. 1992; Goodwin et al. 1994) . On potato crops in the states of PR and SC, we also observed only one mitochondrial haplotype (IIa). This mitochondrial haplotype had already been detected in A2 isolates from the major potato-producing regions of Brazil. These data, along with the mating type and GPi data, also confirm that the P. infestans population on potato plants from these two states remains uniform, with the presence of only the clonal lineage BR-1, as observed by Reis et al. (2003) .
The results of the characterization of the population of P. infestans from potato in RS are in contrast with those from PR and SC. In RS, in addition to two mating types and two patterns of GPi phenotypes, also two mitochondrial haplotypes were found: the mitochondrial haplotype IIa, which had been detected previously in Brazil (Reis et al. 2003) ; and also the Ia haplotype, which had not yet been reported in Brazil. This mitochondrial haplotype is common in the Andean region (Adler et al. 2004; Garry et al. 2005; Vargas et al. 2009) , is widely distributed throughout the world (Gavino & Fry 2002; Ristaino et al. 2012) , and may have been introduced into Brazil by European colonizers. The southern region was the first place where potato was cultivated in Brazil at the end of the 19 Th century. At that time it was probably the prevalent mitochondrial haplotype in Europe (Ristaino et al. 2012) . Another possibility is a recent introduction through imported seed potatoes from either Europe or North America. Among the isolates from potato plants in RS, there were some combinations of these mitochondrial haplotypes with two patterns of GPi phenotypes and the two mating types. These combinations are interesting when considering that the two mating types and the two allozymes were already present in Brazil. The only new finding here is the haplotype Ia and the combinations it forms with both mating types and allozymes. Because of our limited sample, it is not possible to speculate on the extent to which those combinations occur in nature or whether there are other combinations that were not detected in our samples. Thus, there were differences between the results reported here and those obtained by Reis et al. (2003 Reis et al. ( , 2006 in Brazil and by Deahl et al. (2003) in Uruguay. Those authors observed that the vast majority of isolates from potato plants in both countries presented a unique pattern, with mating type A2, 100/100 GPi and IIa mitochondrial haplotype; these isolates were characterized as BR-1. In the present work it was observed that at least the population of the pathogen in RS changed.
The markers used in this study were not sufficient for determining with precision whether the P. infestans population on potatoes in RS is clonal or is reproducing sexually. Now, new work is being carried out using also other markers such as microsatellites (SSR) and single nucleotide polymorphisms (SNPs). They are codominant and permit identification of alleles in both homozygous and heterozygous genotypes (Cooke & Lees 2004; Cooke et al. 2012) . The use of these markers will help us to better understand the complex genetic diversity of populations of P. infestans in southern Brazil.
The results obtained in the metalaxyl sensitivity test are in agreement with those of Reis et al. (2005) , who found isolates of all three classes of resistance on tomato and potato plants in Brazil. However, in that earlier work, the percentage of resistant isolates from both tomato and potato plants was much higher. One possible explanation for this phenomenon is that metalaxyl is no longer used for the control of late blight in Brazil. Even the use of its R enantiomer (mefenoxan) has decreased, due to its low efficiency and the use of new commercial blends of several other fungicides or mixtures of fungicides to control late blight.
In conclusion, the current population of P. infestans in the southern region of Brazil consists of the clonal lineage BR-1, which is of the mating type A2, on potato plants in the states of PR and SC. In SC, the P. infestans population on tomato plants consists of only one clonal lineage of mating type A1, named US-1. These two clonal lineages had already been reported in Brazil in previous studies. However, in the state of RS, the pathogen population on potatoes consists of a mixture of different clonal lineages and/or a sexual population. Additionally, resistance to the fungicide metalaxyl in the P. infestans population from the southern region of Brazil appears to have decreased. Further analyses using molecular markers, such as RFLP, SSR and SNPs, should reveal whether hybrid populations arising from sexual reproduction are occurring in this region.
